A Pb-62% Sn two-phase eutectic alloy was processed by high-pressure torsion (HPT) and stored at room temperature (RT) to investigate the occurrence of self-annealing. The microstructural characteristics and mechanical properties were recorded during self-annealing using scanning electron microscopy, tensile testing and nanoindentation. Processing by HPT produces a weakening effect but storage at RT leads to a gradual increase in the hardness together with significant grain growth. Nanoindentation tests were performed by applying both the indentation depth-time (h-t) relationship at the holding stage and the hardness, H, at various loading rates in order to explore the evolution of the strain rate sensitivity (SRS), m.
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Introduction
Significant interest has developed over the last two decades in the processing of metals though the application of severe plastic deformation (SPD) where this leads to exceptional grain refinement to the submicrometer or even the nanometer range [1] . The two most attractive methods of SPD processing are equal-channel angular pressing (ECAP) [2] where a rod or bar is pressed through a die constrained within a channel bent through a sharp angle or high-pressure torsion (HPT) [3] where a disc is held between two massive anvils and subjected to a compressive load and concurrent torsional straining. Generally, HPT processing is the optimum procedure because experiments show that it produces ultrafine grains (UFG) that are smaller than in ECAP [4, 5] and also it leads to a higher fraction of grain boundaries having high angles of misorientation [6] .
The Pb-62% Sn eutectic alloy has a low absolute melting temperature, T m , of about 456 K and often exhibits excellent superplastic properties due to the dual phase structure which inhibits grain growth at optimal superplastic temperatures above ~0.5T m [7, 8] .
Furthermore, this alloy is capable of exhibiting exceptional superplastic elongations of >7000% [9] . For this reason, the alloy is often used as a model material to investigate the characteristics of superplastic deformation under various experimental conditions. Recently, attention has been drawn to the issue of thermal stability of alloys processed by SPD and this becomes important when attempting to achieve superplastic elongations. For example, metals with relatively low stacking fault energies (SFE), such as Ag [10] [11] [12] and Cu [13] [14] [15] [16] , have attracted attention for investigations of the significance of self-annealing at room temperature (RT) after processing by ECAP or HPT. It is also reasonable to anticipate that alloys with low melting points such as Sn-based and Zn-based alloys will also exhibit selfannealing behaviour after SPD processing [17] . Accordingly, the primary objective of this 2 research was to investigate the evolution of both microstructure and flow behaviour in the PbSn alloy during self-annealing following processing by HPT.
The strain rate sensitivity (SRS), m, is an important quantitative factor which holds the key to understanding the predominant mechanism in a stress-assisted, thermally-activated flow process [18] [19] [20] . For example, it is generally recognized that a high value of m  0.5 together with tensile elongations of more than 400% are consistent with the occurrence of superplastic flow [21] . There are also numerous reports showing that ultrafine-grained bulk materials often exhibit exceptionally high strength at relatively low temperatures but with a significant decrease in their overall ductility [22, 23] . However, by controlling the SRS it may be possible to delay the onset of localized deformation under tensile stresses resulting in improved ductilities [24, 25] .
Traditionally, the value of m is generally measured by recording the steady-state strain rate as a function of the applied stress but this approach requires conducting a large number of tensile tests with different strain rates or stresses and thus it entails the use of a relatively large volume of material. Recently, depth-sensing indentation (DSI) has become widely accepted as an alternative approach for mechanically characterizing bulk solids due to the associated simple sample preparation and the need for only a very small volume of testing material [26] . The use of DSI provides an opportunity for measuring the SRS using nanoindentation testing and recently there are reports describing the measuring of SRS from nanoindentation of various UFG metals including Al [27, 28] , Cu [28, 29] , Mg alloys [30, 31] , Ni [28] , Sn-Ag-Cu [32] , Zn-Al [28, 33] a CoCrFeNiMn high-entropy alloy [34, 35] and an AlMg nanocomposite [36] . However, an evaluation shows that relatively little information is available comparing the values of the SRS measured for the same material using conventional tensile testing and nanoindentation and it is reasonable to anticipate that these two different straining conditions may affect the measurements of SRS. A second objective 3 of the present research was therefore to investigate the values recorded for the SRS in the PbSn alloy processed by HPT using both tensile testing and nanoindentation testing and specifically to evaluate the significance of any evolution in the SRS during the self-annealing process.
Experimental material and procedures
The experiments were performed using a Pb-62% Sn eutectic alloy supplied as a cast billet and containing a binary microstructure with Pb-rich and Sn-rich phases. The alloy was machined into rods of 10 mm diameter and then cut into discs having thicknesses of ~1.2-1.5 mm. Each side of each disc was carefully polished to give a series of HPT disc samples having thicknesses of ~0.80 mm. Further information on the initial Pb-Sn alloy was given in an earlier report [37] . All discs were processed by HPT under quasi-constrained conditions in which there is a small outflow of material around the periphery of the disc during the processing operation [38] . The discs were processed for a total number, N, of 1 turn under a compressive pressure of 3.0 GPa using a rotation rate of 1 rpm. After HPT processing, the discs were stored at RT for different periods of time in order to examine the characteristics of self-annealing.
The HPT-processed discs were subsequently ground and polished with abrasive papers and diamond paste and, in order to reveal the grain boundaries, each polished disc was etched for 30-40 s in a solution of 25 ml H 2 O, 5 ml HCl with a concentration of 37% and 5 g of NH 4 HO 3 . The nature of the various microstructures was systematically investigated during the course of storage using a scanning electron microscope (SEM) equipped with a high-brightness field emission gun (JEOL JSM-6500F). The average grain sizes were determined from the SEM images using separate measurements of at least ~300 individual grains. Prior to processing by HPT, the average grain sizes were measured as ~2.5 µm for both the Sn and Pb phases. 4 The conventional Vickers microhardness, Hv, at the edge of each disc was carefully monitored using a FM-300 microhardness tester with a maximum load of 10 gf and a dwell time of 15 s. The hardness values were recorded for up to 20 days after HPT processing until the hardness saturated at a reasonably stable value. These values were then converted to a recalculated Vickers microhardness, Hrv, in order to provide a meaningful comparison with the hardness values, H, obtained directly from the nanoindentation measurements. This conversion is necessary because in practice the conventional Vickers hardness value of Hv is defined as the maximum indentation load divided by the surface area of the indentation, A S .
Thus, this must be converted to Hrv which is defined as the peak load divided by the projected area of the indentation, A P . It follows, therefore, that the conversion is given in the following simple form [39] :
where P max is the peak load, d V is the diagonal of the Vickers indentation and the angle of 68 is based on a standard Vickers hardness indenter tip in a pyramidal shape with square base having an angle of 136° between the opposite faces. The SEM images of the indentation marks after Vickers microhardness measurements were also recorded using a dwell time of 5s in order to study the morphologies around the edges of the indents using samples both in the as-cast condition and after HPT processing. Nanoindentation tests were undertaken at r ≈ 4.0 mm where r is the distance from the centre in each disc at various time intervals during storage using an ultra-micro indentation system (UMIS) equipped with a three-sided pyramidal Berkovich indenter having a center-toface angle of 65.3°. Both the loading stage and the holding (indentation creep) stage were used in this investigation to evaluate SRS by nanoindentation. For the indentation creep, the specimens were loaded to a fixed peak load of P max = 5 mN at an indentation rate of 5 × 10 -2 mN s -1 and then a holding time of more than 2000 s was chosen to ensure that the creep was reasonably stable and steady-state flow was achieved. It is important to note that the selected indentation rate is not important when using this method because the SRS is measured by using depth-time (h-t) curves that start from the holding stage where the indentation rate is determined by factors such as the choice of material and the peak load.
For the first method of determining m, the creep behaviour which is reflected by the SRS at the holding stage in the nanoindentation test may be analyzed by the (h-t) relationship which is described by a power-law function of the form:
where B and t c are material-dependent constants: a detailed description of the origin of Eq. (2) was given in an earlier report [28] . In order to use this method, it is therefore necessary to fit For the second method of determining m from the hardness values, H, obtained at different loading rates, the quantities of equivalent stress, eq σ , and equivalent strain rate, eq ε , are used for a direct determination of SRS. Thus, the equivalent stress, eq σ , is taken as onethird of the hardness value, H, and the equivalent strain rate, eq ε  , at a given depth, h, for the indentation is then denoted by the relationship [40] :
which is proportional to the loading rate. A range of equivalent strain rates from 1.1 × 10 -4 to 4.3 × 10 -3 s -1 was used in this analysis where the unloading stage occurred as soon as a maximum load of 50 mN was attained in order to record the hardness at the edge of the disc during self-annealing.
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Finally, tensile tests were performed on HPT-processed samples for a direct and conventional evaluation of the SRS after storage at RT for periods of 1, 4 and 12 days.
Electro-discharge machining was used to cut two tensile specimens from each disc with gauge lengths of 1.5 mm and cross-sectional areas of 1.0 × 0.6 mm 2 . In order to avoid any microstructural inhomogeneities near the centres of the discs due to the HPT processing, these discs were cut from two symmetrical off-centre positions with the gauge lengths positioned so that their central points were 2.0 mm from the centre of each disc [41] . All tensile specimens were tested at RT using a Zwick machine operating at a constant rate of cross-head displacement with initial strain rates from 1.0 × 10 -4 to 1.0 × 10 -1 s -1 . These tests gave the flow stresses for different strain rates and thereby provided a direct measure of the SRS. that the Pb-rich phase contained more than one grain within the Pb-Sn alloy [17] . This procedure is useful because it highlights the preferred interfaces for plastic deformation by grain boundary sliding (GBS) in the Pb-Sn alloy where most sliding occurs between Sn-Sn and Pb-Sn boundaries and there is little or no sliding at the Pb-Pb interfaces [44] . It is readily apparent from Table 1 that the grain size is immediately reduced from ~2.5 to ~1.3 m by HPT processing through N = 1 turn but thereafter there is grain growth in RT storage and after 20 days the grain size is ~2.4 m which is very close to the initial as-cast condition.
Experimental results
Evolution of microstructure and microhardness during self-annealing
Thus, these results of Figs 1 and 2 and Table 1 demonstrate that the grain size increases and the neighbouring phases agglomerate and form into larger phases with increasing selfannealing time. This decrease in hardness with HPT processing represents a weakening effect [45] and it is matched by results for some other materials such as the Zn-22% Al eutectoid alloy [37, 42, 43] and pure Pb, Sn and In [46] .
The SEM images in Fig. 4 show the indentation marks taken after the Vickers indicative of the occurrence of GBS as also recorded for other materials processed by ECAP [47] [48] [49] . Additionally, it is evident that most sliding appears to occur at the Sn-Sn and Pb-Sn interfaces which supports both earlier superplastic measurements [44] and the procedure adopted for measuring the grain sizes in Table 1 . Thus, the microstructural observations suggest the occurrence of GBS in the HPT-processed samples at RT and therefore there is a 9 consequent loss of hardness due to GBS compared with the initial as-cast sample. A similar morphology of indent marks caused by GBS was reported recently in a Zn-22% Al eutectoid alloy processed by HPT through 4 turns and then subjected to nanoindentation testing [33] .
SRS measured by nanoindentation at the holding stage
Representative load-displacement (P-h) curves from nanoindentation tests with a dwell time of 2000 s are shown in Fig. 5(a) where the curves are from tests performed on an as-cast sample and from the edge area of an HPT disc processed for one turn and stored at RT for 3, 10 and 12 days. The three stages of nanoindentation testing correspond to loading, creep at the holding condition and then unloading, where these stages are marked on the curve for the as-cast condition.
Two major trends are visible from these results. First, the displacements after unloading decrease significantly as the storage time increases in the HPT-processed samples. This is consistent with the hardness measurements in Fig. 3 where the hardness increases with increasing storage time. Second, there is a remarkably pronounced indentation creep during holding of the HPT-processed samples compared with the as-cast sample and the displacement during holding decreases as the storage time increases. In addition, noting the indentation depths of h ≈ 6.1 µm after 3 days and ~5.1 µm after 12 days of storage in Fig.   5 (a), it is easy to calculate that the diagonal lengths, a, of the indents for the HPT-processed sample decrease from ~46 m after HPT and RT storage for 3 days to ~38 m after processing and RT storage for 12 days where the lengths are given by
Thus, combining this information with the microstructures in Fig. 1 , it follows that the indent area should cover a sufficient number of grains so that the nanoindentation testing provides an average property of an area containing many grains rather than a single grain or phase.
This conclusion is also consistent with the SEM images of the indents shown in Fig. 4 .
Although the peak load was fixed at P max = 5 mN, the equivalent strain rate, eq ε  , during the holding stage should be different for each sample with different annealing conditions because of variations in the strength during storage. Therefore, it is necessary to examine these different strain rates if a method involving the holding stage is used to calculate the SRS. The equivalent strain rates calculated by Eq. (3) are plotted against the holding time in Fig. 5(b) for the samples already depicted in Fig. 5(a) Second, the SRS increases after HPT processing and as the storage time increases and this is independent of the decreases in the indentation depths in the HPT-processed samples.
SRS measured by nanoindentation at the loading stage
Examples of the load-displacement (P-h) curves are given in Fig. 7 (a) with a maximum load of 50 mN for the samples after HPT for 1 turn, storing for 11 and 21 days and
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testing by nanoindentation at different strain rates. The curves shown by the solid lines are for an HPT-processed disc stored for 11 days whereas the curves shown by the dashed lines are for an HPT-processed disc stored for 21 days. Three equivalent strain rates are shown corresponding to eq ε  of 1.9 × 10 -3 , 4.0 × 10 -4 and 2.3 × 10 -4 s -1 . Two important trends are visible from these measurements. First, at any indentation strain rate the displacement at peak load is smaller for the sample stored for 21 days compared with the sample stored for 11 days. Second, there is a significant rate dependency of the peak-load displacement. Based on the P-h curves, the nanoindentation hardness, H, may be determined using the conventional procedure [50] . In Fig. 7(b) , the variation of hardness with storage time is shown for different strain rates. It is generally evident that all curves have the same tendency at any given strain rate such that H increases with increasing storage time which is in agreement with Fig. 3 . Furthermore, a faster strain rate leads to a higher hardness for all self-anneal conditions and thus a larger total of recovered hardness when compared to the hardness before HPT processing in the as-cast condition. It is important to note from Fig. 7 (b) that all measurements for H are slightly lower at most given storage times than the recalculated hardness values, Hrv, obtained from the Vickers microhardness measurements shown in Fig.   3 . Although there is an indentation size effect [51, 52] , the present difference arises primarily because the Vickers microhardness tests are conducted at a strain rate which is faster than any of the strain rates used in the nanoindentation tests and this higher load leads to higher values for the measured hardness.
The value of m may be determined from the slope of a straight line fit to the eq eq log log ε σ   data as shown in Fig. 8 for the HPT-processed samples with storage times of 2, 11 and 21 days. There is an evident tendency in Fig. 8 for the SRS to increase in 2 days after HPT with m ≈ 0.38 compared with m ≈ 0.19 in the as-cast condition shown in Fig. 6(a) and to further increase slightly to m ≈ 0.45 with increasing storage time up to 21 days. This 12 result is directly consistent with the SRS measured in Fig. 6 at the holding stage. It is noted also from Fig. 8 that the slopes of the lines for 11 and 21 days start to decrease at strain rates above ~5.0 × 10 -3 s -1 .
Discussion
The significance of self-annealing in the Pb-62% Sn alloy after processing by HPT
Processing by HPT generally produces a significant increase in hardness but in some limited numbers of materials, primarily those having low melting temperatures, the processing by HPT may produce a weakening effect so that the measured hardness is lower than in the initial condition [45] . The Pb-62% Sn eutectic alloy is an example of this weakening where the hardness is reduced substantially, by almost an order of magnitude, even after processing through only one HPT turn. Nevertheless, the present results demonstrate the occurrence of very significant self-annealing after storage at RT with a rapid increase in hardness over the first 4 days as shown in Fig. 3 and then a gradual increase in hardness during further storage.
When recording values of the Vickers microhardness on the surfaces of the Pb-Sn samples, the measuring procedure produces well-defined indentation marks that provide additional evidence regarding the nature of the flow process. Close inspection of these indents suggests the occurrence of grain boundary sliding in this alloy at RT, as shown by the presence of material pile-ups around the indent in Fig. 4(d) . This conclusion is reasonable because, due to the very low melting temperature of the Pb-Sn alloy (456 K), room temperature corresponds to an homologous temperature of ~0.65T m and, consistent with this high temperature, earlier experimental results demonstrated the occurrence of excellent superplastic properties in this alloy when testing in tension at low strain rates with tensile elongations at RT up to and exceeding 2000% [53, 54] .
A comparison of the different procedures used to measure the SRS
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The values of the SRS measured by tensile testing at RT over the strain rate range from 1.0 × 10 -4 to 1.0 × 10 -1 s -1 are summarized in Table 2 points for the tensile tests in Fig. 9 . Using these data, and combining with the grain size measurements recorded in Table 1 , it is evident that the peak in the SRS shifts from a strain rate of 1.0 × 10 -2 s -1 to 1.0 × 10 -3 s -1 as the grain size increases during storage from ~1.5 to ~2.3 µm during self-annealing from 1 to 12 days.
In addition to the measured SRS from tensile tests as shown by the open points in Fig.   9 , data are included also for nanoindentation at both holding and loading as denoted by the semi-solid and the solid symbols, respectively: for ease of comparison, datum points measured at reasonably similar storage times have symbols with the same shape so that the datum point measured at holding after 12 days and the datum point measured at loading after 11 days are both denoted by a square. The datum points measured at loading are placed in Fig. 9 in the strain rate region from 1.0 × 10 -4 -1.0 × 10 -3 s -1 because it is evident from Fig. 8 that the SRS drops at faster strain rates. For the datum points measured at holding, the strain rate range covered less than an order of magnitude and this is limited by the method of testing since the strain rate is not a controllable factor. However, it is reasonable to place these points in Fig. 9 at the starting strain rates for steady-state flow which are also the maximum strain rates where the SRS was measured.
14 Combining these various procedures in the presentation in Fig. 9 , it is apparent that there is a very good match between the SRS measured by tensile tests and by the nanoindentation tests for both holding and loading. Thus, the datum points measured at loading after 2 and 11 days are very close to the tensile measurements and the datum points measured at holding show excellent agreement with the trends predicted by the tensile tests which in turn add more evidence to a shift in the SRS peak due to grain growth.
Finally, it should be noted that the nanoindentation results obtained from both the holding and the loading stages in Figs 6 and 8 suggest that m increases with increasing storage time and therefore with increasing grain size. Initially, this appears unreasonable but it is readily apparent from Fig. 9 that the increase of m with increasing grain size is due to the shift in the SRS peak during self-annealing so that, for fine-grained samples, the peak of SRS moves towards faster strain rates due to the grain refinement. These results show that, for alloys with very low melting points such as the Pb-Sn alloy, many properties at RT such as strength, microhardness and the values of the SRS should be compared at a specific strain rate because at this high homologous temperature the mechanical properties are critically affected by the testing strain rate.
Summary and conclusions
1. A Pb-62% Sn eutectic alloy was processed by HPT for one turn at RT. Hardness measurements showed there was a weakening after HPT processing but the hardness increased due to self-annealing during subsequent storage at RT. Grain growth also occurred during storage at RT. 
